Abstract: Polylactic-acid (PLA) and PLA-clay fibres have been produced from solution of 1,1,1,3,3,3-hexafluoro-2-propanol by electrospinning. Nanoclays having different aspect ratio, namely a montmorillonite and a sepiolite, have been added and dispersed within the polymer matrix in order to enhance the thermal stability and air permeability of PLA. The influence of the polymer molecular weight, the solution viscosity and conductivity on the morphology of the fibres has been investigated. Electron microscopy has shown that fibre diameter and the presence of beads defects in the fibres depend on the type of clay added to the polymer matrix. The thermal stability in nitrogen and in air has been drastically enhanced for the presence of the clays as compared with neat polymer. Finally, permeability tests performed on the electrospun condensed fibres pointed out that PLA-clay fibres exhibit a lower permeability to air (up to 90%) with respect to neat PLA fibres.
Introduction
In recent years, both the academic and industrial research activity in the textile field has been focused on the electrospinning technique which is a versatile and unique process capable of producing continuous artificial filaments in order to make micro and nanofibres (50-700nm) of polymers, using an electric field. This electrostatic process uses a high voltage electric field to form solid fibres from a polymer fluid jet (solution or melt) delivered by a millimeter-scale nozzle [1] [2] [3] . Generally, electrospun nanofibres are collected in non-woven structures (mats) characterized by a large surface area per unit mass and small pore size. Numerous polymers have been successfully electrospun into ultrafine fibres mainly working in solution, including polyamides [4, 5] , polyesters [6] [7] [8] , polylactides [9] [10] [11] [12] , cellulosic derivatives [13] [14] [15] [16] , water soluble polymers such as polyethyleneoxide (PEO) [17] [18] [19] [20] , polymer blends or polymers containing solid nanoparticles or functional small molecules. Although electrospun nanofibres loaded by nanofillers have been developed for biological applications [11, 13] , to the best of our knowledge, only few studies about the morphology and the thermal stability have been reported in the literature [20] .
Currently, the possibility of introducing nanoparticles within nanofibres plays a fundamental role in order to improve their chemical and physical properties; electrospinning has gained an increasing interest in recent years. When a nanoparticle is homogeneously dispersed within a polymer, the resulting nanocomposite often exhibits remarkable improvements of mechanical, thermal, optical and physicochemical properties as compared to either the neat polymer or conventional composites (micro-and macrocomposites) [21] [22] [23] . Such improvements include increased mechanical strength and heat resistance, decreased gas permeability and flammability.
Although the most important results in the field of nanocomposites concern plastic materials, recently the interest for the preparation of nanocomposite fibres has reached also the textile field: by electrospinning process, for example, polymers loaded by carbon nanotubes [17, 24, 25] and montmorillonites [26] [27] [28] have been produced. Polylactic acid (PLA) is a thermoplastic polymer, which exhibit good mechanical properties and biodegradability features [29, 30] . Only few papers describe the use of electrospinning process to prepare PLA fibres characterized by a high thermal stability and low permeability [30] [31] .
In the present work, PLA and PLA-clay fibres have been produced by electrospinning in solution and their morphology, thermal stability and air permeability have been thoroughly investigated. For this purpose, two nanoclays, characterized by a different aspect ratio (namely, a montmorillonite and a sepiolite) have been dispersed within the PLA matrix. The influence of the polymer molecular weight, the solution viscosity and the conductivity on the morphology of the fibres has been studied.
Results and discussion

Morphology
In order to verify the effect of the flow rate on the morphology of the neat and loaded fibres produced by electrospinning in solution, Scanning Electron Microscopy (SEM) was employed. SEM magnifications of electrospun PLA1 and PLA2 nanofibres (at 3000X) at different flow rates (0.005 and 0.010ml/min, respectively) have been reported in Figure 1 : in both process conditions, the fibres exhibit a smooth and regular surface. By increasing the flow rate, the diameter of fibres increases, as reported in Table 2 and according to the literature [36] . Comparing PLA1 and PLA2, it is possible to observe that the molecular weight affects the process: indeed, a PLA characterized by a lower molecular weight produces fibres characterized by a smaller diameter, namely, PLA2. Table 3 shows that PLA2, having a lower molecular weight than PLA1, give a solution with a lower viscosity and conductivity. These two parameters of the solution influence remarkably the electrospinning process of PLA. Furthermore, as observable in Figures 1c and d , the low molecular weight and thus the corresponding viscosity of PLA2 can contribute to form two groups of fibers characterized by a different diameter. (Figure 2b ) where beads defects rich in Si and Al elements are well distinguishable. As for neat PLA1 and PLA2, the fibre diameter of also PLA1-C30B and PLA2-C30B depends on the molecular weight of the polymer as well as the viscosity (Tables 1 and 2 ). In addition, also for PLA1-C30B and PLA2-C30B fibres, the flow rate affects the fibre diameter: by increasing the flow rate, fibre diameter increases. In PLA2-5CD1 and PLA2-10CD1 fibres, the bead defects are more evident and bigger as compared with PLA-C30B fibres (both PLA1 and PLA2). Furthermore, regarding the effect of clay amount, sepiolite based-fibres showed that increasing clay concentration, the diameter of the fibres decreases (0.92 vs. 1.12 m and 1.45 vs. 2.15 m for PLA2-5CD1 and PLA2-10CD1, respectively, at flow rate of 0.005 and 0.010ml/min). In conclusion, being equal the amount of nanoclay (10wt.-%), the aspect ratio of nanoclay (and, consequently, the dispersion of the clay within PLA) seems to influence the formation of beads defects. 
Thermal stability
In order to investigate the effect of the clay on the thermal stability of PLA, TGA measurements have been carried out on the electrospun fibres of both neat PLA and clay composites in inert and oxidant atmospheres. TG and dTG curves in nitrogen and in air are plotted in Figure 4 (4a and 4b, respectively) whereas the obtained data are collected in Table 3 . In both the atmospheres, PLA decomposes through a single degradation step with a maximum of weight loss at ca. 355 °C and a final residue at 800 °C in between 1-2wt.-% regardless of the D/L isomer content. As for PLA-clay fibres, it is possible to observe that both the clays play a protective role on the thermal degradation in nitrogen and thermo-oxidation in air of both PLA, in particular, a strong increase of Tonset5% and Tmax together with a remarkable shifting of the decomposition at higher temperatures has been observed. Furthermore, the final residue at 400 and 800°C increases due to the presence of the clays.
Air permeability
Nanocomposites are well-known to decrease the permeability to gases due to the presence of the nanoparticles finely dispersed within the polymer matrix [22] . For this reason, the air permeability of the film prepared by electrospinning has been evaluated. Figure 5 reports GTR as function of the pressure and Table 4 lists the values of the permeability for neat PLA and PLA-clay fibres calculated using equation (1) .
As expected, increasing the electrospinning time from 30 to 60 min, the permeability of PLA films decreases significantly from 7.699 to 1.030m
Pa. By adding C30B and maintaining the electrospinning time for 30 min, GTR and consequently the permeability decrease in dramatic way up to 90% (Table 5 ). Comparing the films containing clay electrospun fibres at different times (namely, 30 and 60min), the permeability lowers although such decrease is probably due to the highest number of beads defects. Probably, the presence of the nanoclay affects the porosity of the electrospun membranes; indeed, as explained above, the fiber diameter decreases in the presence of clays and thus this could provoke a major overlapping of the same fibers with a consequent porosity reduction. 7.699 PLA 60min
1.030 PLA-10C30B 30min 0.686 PLA-10C30B 60min 0.814
* Permeability was calculated following the equation (1) (see Experimental part).
Conclusions
PLA and PLA-clay fibres have been produced by electrospinning in solution. Their morphology, the thermal stability and air permeability have been investigated. Morphological characterization showed that C30B allows to electrospin (at fixed flow rate) fibres characterized by a smaller diameter than CD1 for which a great amount of beads defects are distinguishable.
The thermal stability of these PLA-clay fibres in nitrogen and in air turned out highly enhanced for the presence of the clays as compared with neat polymer matrix; indeed, both the clays used (namely, a montmorillonite and a sepiolite) play a protective role on PLA increasing T onset5% , T max and the residue at 800°C. Furthermore, the air permeability has been dramatically decreased for the presence of the clays, up to 90%.
Experimental part
Materials
Two poly(D, L-lactic acid) (PLA4042D ® and PLA3000D ® ) were supplied by NatureWorks ® Inc. They differ for weight percentage of D-lactoyl unity and molecular weight as reported in Table 5 . Such matrices were added of two different clays, namely Cloisite ® 30B (coded as C30B) produced by SouthernClay ® Inc. and Sepiolite ® CD1 (coded as CD1) supplied by Tolsa ® Inc.
Tab. 5. Polymer matrix characteristics.
Organic-inorganic blends for the further electrospinning were prepared by melt blending using an internal mixer (Brabender model W50E) at 60 rpm and at 180 °C with a residence time of 5 min. C30B was added to PLA at 10wt.-%, whereas CD1 was used at different amounts (5 and 10wt.-%). Before melt blending, materials were dried in a vacuum oven (14h at 50 °C and 4h at 90 °C for polymer matrices and clays, respectively).
Electrospinning of PLA and PLA-clay fibres
PLA and PLA-clay blends were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-Aldrich, purity; 99%). Polymer solution concentration was 7wt.-%. Electrospinning was carried out using an apparatus consisting of a high-voltage generator (20kV from HVA B2 Electronic GmbH), a metering pump, a syringe with a metallic nozzle (internal diameter 0.60mm) and a grounded collector (55mm diameter metal disk). Capillary-screen distance used was 15 cm. The spinning was carried out at 35% relative humidity and 20 °C.
Characterization
The surface morphology of the treated samples was studied using a Field-Emission Scanning Electron Microscope (FESEM, ZEISS SUPRA55VP). In addition, a Scanning Electron Microscope (SEM, LEO-1450VP apparatus), equipped with a Xray probe (INCA Energy Oxford, Cu-Kα X-ray source, k=1.540562Å), was used to perform elemental analysis. The sample was fixed to conductive adhesive tapes and gold-metallised.
Fibre diameter size was statistically evaluated on 100 specimens for each sample using IMAGE J software from SEM images.
The thermal stability of the treated fabrics was evaluated by thermogravimetric (TG) analyses from 50 to 800°C with a heating rate of 10°C/min. A Pyris1TGA Q 500 Shear rate-dependent viscosity measurements were performed on electrospinning products at 0.005ml/min out in an Anton Paar Physica MCR 301 rheometer, equipped with a PTD 200 Peltier temperature control device at 20°C, using plateplate geometry (75 mm diameter, 1° angle and 0.50 mm gap) in controlled shear rate mode. The shear rate was logarithmically increased from 0.01 to 10000s-1. Data were acquired and elaborated with the Rheoplus v2.66 (Anton Paar GmbH) software.
Conductivity of polymer solutions was measured on electrospinning products at 0.005ml/min with an Eutech Instruments multi-parameter tester PC300 calibrated with a 1.413mS/cm (at 25 °C) standard solution.
Air permeability tests were performed following ISO 9237 standard with a Textest FX3300-20 on PLA2 and PLA2 added of 10 wt.-% of C30B electrospun for 30 and 60min (20kV of voltage, 15cm of capillary-screen, at 0.010ml/min of flow rate). The tests were directly carried out on the electrospun membranes that are more similar to fabrics with a texture rather than films. The electrospinning process employed in the present study does not allow to obtain aligned fibers.
This test permits to measure the gas transmission rate (GTR, m The air permeability (P) was calculated using the following equation (1):
where ∆p represents the gas between inlet pressure (ambient pressure) and outlet pressure (downstream of the sample).
